A microassay for assessing two functions of polymorphonuclear leukocytes in the presence or absence of complement is presented. Requiring only minute amounts of blood (0.1 ml) and a minimum of laboratory equipment (microscope, incubator, and centrifuge), it allows the quantitation of phagocytosis and intracellular killing of microorganisms by leukocytes. To During the last few years, it has become obvious that impaired functions of polymorphonuclear leukocytes (PMN) cannot always be ascertained by light microscopic observation (4, 15, 19) . In addition, several unexplained chronic or recurrent microbial infections have been connected with functional impairment of PMN (6, 9, 13, 18). However, routine evaluation of the functional capacity of PMN seems practically impossible due to the lack of a simple, reliable, and conclusive assay system. The tests described so far normally require large quantities of blood (1, 18, 23), time-consuming separation of PMN (1, 18, 23), or laborious evaluation methods (11). Moreover, the results are not always conclusive, possibly due to a lack of sensitivity of these assays (9), and the only simple test, nitroblue tetrazolium reduction, does not measure a distinct PMN function; it simply indicates the metabolic state of these cells (5, 12).
During the last few years, it has become obvious that impaired functions of polymorphonuclear leukocytes (PMN) cannot always be ascertained by light microscopic observation (4, 15, 19) . In addition, several unexplained chronic or recurrent microbial infections have been connected with functional impairment of PMN (6, 9, 13, 18) . However, routine evaluation of the functional capacity of PMN seems practically impossible due to the lack of a simple, reliable, and conclusive assay system. The tests described so far normally require large quantities of blood (1, 18, 23) , time-consuming separation of PMN (1, 18, 23) , or laborious evaluation methods (11) . Moreover, the results are not always conclusive, possibly due to a lack of sensitivity of these assays (9) , and the only simple test, nitroblue tetrazolium reduction, does not measure a distinct PMN function; it simply indicates the metabolic state of these cells (5, 12) .
In a previous short communication, we described a simple test to investigate the importance of myeloperoxidase for the intracellular killing of microorganisms in PMN (9) . This test appeared to fulfill all requirements for a routine clinical test to evaluate the functional capacity of PMN of patients suffering from chronic or recurrent microbial infections. To check its validity and applicability for this purpose, PMN from two groups of patients were assayed, and the results were compared to the values from healthy persons. One group consisted of woman suffering from recurrent candida vaginitis. Their PMN were tested to find out whether their illness might be related to a malfunction of PMN towards Candida albicans. On the other hand, PMN from patients likely to have reduced resistance against microbial infections due to cancer were examined.
MATERIALS AND METHODS
Rationale of the test. The test is based on three known facts: (i) PMN adhere to glass (10), (ii) vital PMN accumulate dyes, e.g., methylene blue (MB) in phagolysosomes (2) , and (iii) dead Candida yeasts stain blue with the same dye (18) . Starting from these facts we found that MB could be used to detect by microscopic observation whether or not C. albicans cells in the phagocytic vacuoles of vital PMN were dead.
PMN. The PMN of three groups of subjects were examined: (i) 16 healthy people of either sex, age 23 to 60 years, who never had manifest C. albicans infections; (ii) 12 women suffering from recurrent candida vaginitis, age 18 to 43; and (iii) 18 patients of either sex suffering from different types of malignant cell growth. These patients were under different drug therapy, with cytostatics and steroid hormones.
For the test procedure, monolayers of PMN were obtained from 3 drops of capillary blood (ca. 0.1 ml) dripped directly on a cover slip forming the bottom of a hole (11.3 mm diameter) drilled in a 1-cm thick 1120 on November 1, 2017 by guest http://iai.asm.org/ Downloaded from piece of perspex. Then the top of the hole was sealed with a piece of adhesive tape. The so formed moist chamber was stored for 1 h at 37 C. Thereafter, the tape was removed, the clotted blood was discarded, and the remaining monolayers of leukocytes were gently rinsed with warm saline. The density of the monolayer was estimated by counting the number of leukocytes adhering at 20 randomly chosen areas (each 0.166 mm2) . From these counts an average density was calculated for the whole surface of the bottom of the moist chamber. In addition, leukocyte counts were done by standard methods with a counting chamber. Blood smears were stained with MayGrunwald-Giemsa for differential counts according to Graham-Knoll as modified by Undriz (24) for peroxidase activity.
Candida. Sabouraud broth was inoculated with C. albicans from a stock culture kept on Sabouraud agar. After 3 to 7 days of incubation at 33 C, C. albicans in yeast phase was harvested by centrifugation of the medium at 250 x g for 10 min. The pellet was washed twice and suspended in Hanks balanced salt solution. The C. albicans cells were counted in a hemocytometer, and the suspension was adjusted to 2 x 106 C. albicans cells/ml. The number of dead C. albicans in this suspension was determined by counting the blue cells under the microscope after adding MB (final concentration 2 x 10-i M) (18) . Only specimens containing less than 1.5% dead C. albicans were used.
Serum. Serum was prepared from blood of healthy donors and frozen in 1-ml portions at -70 C. It was thawed only immediately before use. Except for the experiments especially designated as being done with serum of different donors, the experiments were carried out with a stock of serum from the same donor. For experiments with decomplemented serum, it was heated to 56 C for 30 min.
Test procedure. To the PMN monolayers were added 120 Mliters of C. albicans suspension plus 20 gliters of serum, both warmed to 37 C. The moist chamber was sealed and incubated on a rotating disk (Multi purpose rotator, model 150 V, Scientific Industries Inc., Springfield, Mass.; 10 rpm) at 37 C. Two minutes before the end of the incubation period 50 uliters of Hanks balanced salt solution with MB (8 x 10-4 M) was added. At the end of the incubation period the chamber was removed and turned upside down, and the monolayer was observed under the microscope through the cover slip forming the bottom of the chamber (Fig. 1) . To quantitate the phagocytosis, the C. albicans inside 100 PMN were counted, and the average number of C. albicans per single PMN was calculated. The killing of C. albicans was assessed by counting the number of C. albicans stained blue inside 100 PMN. The count was corrected with the percentage of C. albicans found dead in controls containing C. albicans and serum only. The killing was then expressed as the number of killed C. albicans per single PMN or as the ratio of killed C. albicans to phagocytized C. albicans. Experiments were always done in duplicate, and the mean was taken as one value. When a single patient's PMN were investigated several times, all the values obtained were averaged, and the average was taken as one value for statistics (except for results in Table 1 ). The statistical evaluation was done by the Student's t test.
RESULTS
Density of the monolayer. For the density of the monolayer a value of 41,900 4 10,830 per cm2 (mean and standard deviation [SD] from eight experiments) was obtained. All adhering leukocytes excluded MB, thus proving vital. Differential counts based on the morphology of nuclei and granules showed a prevalence of neutrophile PMN (89.9 + 2.4%) with some basophile plus eosinophile PMN (4.3 + 1.2%) and monocytes (5.9 i 1.7%) present.
Phagocytosis and killing of C. albicans by PMN. Although it has been shown that only dead C. albicans stain blue in balanced salt solutions containing low concentrations of MB, it had to be checked whether this holds true for ingested C. albicans as well. In addition, it had to be shown that the dead C. albicans found in the starting suspension are ingested in the same amount as vital C. albicans.
To check this, C. albicans suspensions containing 100, 50, or 0% heat-killed C. albicans (100 C for 5 min) (18) were subjected to phagocytosis for 10 min. After 10 min, phagocytosis was almost complete, and killing was negligible when non-heat-killed C. albicans was employed (Fig. 2) . With 100% dead C. albicans, all ingested C. albicans were found blue (eight experiments), and the rate of phagocytosis was in the same range as with vital C. albicans. When suspensions containing 50% dead C. albicans were applied, 49.8% (+2.6% SD, eight experiments) of ingested C. albicans was found blue, and 0.1% (±+0.5 SD, eight experiments) was observed when the C. albicans suspension applied was free of heat-killed C. albicans. Corresponding values for blue C. albicans were found in the supernatant, ruling out discrimination between live and dead C. albicans from the phagocytes.
To adopt suitable measuring periods for routine application of the test, time course studies of phagocytosis and killing were done (Fig. 2) . Phagocytosis was maximal after about 10 min, and thereafter virtually no further phagocytosis appeared to occur. Intracellular killing began after about 10 min and continued over the whole observation period. After about 90 min, however, two processes occurred which interfered with the evaluation of the killing. First, the monolayer became less dense, i.e., some PMN apparently disappeared from the cover slip. Second, some of the non-killed C. albicans formed buds and mycelia which made counting difficult. For these reasons, the time 60 min (Fig. 2) Importance of serum factors for phagocytosis and killing. The amount of phagocytosis and intracellular killing was found to depend on serum factors. With decomplemented serum, the number of phagocytized C. albicans and the killing ratio amounted to about two-thirds, and without any serum to one-third, of the value reached with native serum from the same donor (Table 1) . On the other hand, the phagocytosisand intracellular killing-enhancing components appeared to be present in serum from different donors to about the same extent. These factors were not blood group specific, as may be seen from the results obtained when serum from different donors (who had different blood groups) was used together with PMN from the same donor (Table 1) . Apparently, it was not important that PMN and serum were from donors of the same blood groups. Since the test was designed to test PMN functions of individual patients, serum from the same donor was used for the experiments. To check the reproducibility of the test, it was performed with blood of one and the same donor five times on the same day and five times within 8 months (Table 2) .
Applying the test to PMN from patients with candida vaginitis. The results of our experiments with PMN from patients are given in Fig. 3 and 4 . PMN from women suffering from candida vaginitis displayed normal phagocytic activity but the intracellular killing was (Fig. 3 and 4 ). The cases with especially low or high killing rates are listed in Table 3 . As the variety of types of malignancies and therapies was considerable, no correlation between disease or treatment and leukocyte function could be found.
DISCUSSION
The test. The test described has several advantages over other assay systems for measuring PMN function. (i) It requires only mi- Table 3 . CA, C. albicans. Killing capacity of PMN from healthy and sick persons. Each symbol represents the result of one experiment done in duplicate. Incubation period was I h. Mean and SD are calculated using one value per person tested. The difference between the group of healthy persons and women with candida vaginitis was found significant (P < 0.05) even when the results from two women lacking myeloperoxidase were not included (O and 0). For details concerning disease and treatment of patients with exceptional high or low killing capacity (all symbols besides 0) see Table 3 . Symbols: see Table 3 . CA, C. albicans. nute amounts of blood which, in contrast to the usual methods (1, 18, 23) , allows repeated application to sick persons and even small children. (ii) It makes use of a physiological function of PMN, the adhesion to surfaces, for separation of PMN from other blood cells. Thus, the usual separation procedures are avoided which may change PMN functions (3, 17) due to aging of the cells and to contact with Polysaccharide or Hypaque or both, which are known to interfere with membrane functions (7, 26) . In addition, the PMN separated by these methods are often contaminated with erythrocytes (7), which also might limit the relevance of the results. (iii) The quantitation of killed microorganisms is done within the phagocyte, i.e., under more physiological conditions than in assays in which the phagocyte must first be disrupted with detergents, etc. (18) before the viability of the microorganism can be assessed.
Finally, it should be mentioned that the only assay system as simple as the one described, the nitroblue tetrazolium test, does not measure a distinct leukocytic function (6) and often gives results which are hard to interpret in terms of the underlying mechanism.
The test yields quite reproducible results when PMN from the same donor were tested on the same day with the same C. albicans suspension (Table 2 ). This is indicated by an SD around 5% of the mean for both phagocytosis and killing. In addition, when the PMN of the same donor were tested over prolonged periods (Table  2) , phagocytosis and killing was only slightly less constant (SD about 10% of the mean). Our results indicate a higher phagocytic and killing capacity of PMN in our test as compared to others. We found an average phagocytosis of more than three C. albicans per PMN, whereas in other experiments less than one C. albicans per PMN was ingested (18, 25) . In addition, the killing, when expressed as dead C. albicans per PMN, is also quite high (about 0.5 C. albicans per PMN) in our experiments as compared to others (about 0.3 C. albicans per PMN) (18) . These differences might be due to the high ratio of C. albicans to PMN (6:1) contained in the incubation mixture or to the fact that phagocytosis could proceed on a surface reported to favor ingestion of particles (7) and that only vital PMN were present in our test, due to the separation method used. Also, the test system described seems to be more sensitive than others. Thus, we found a significant difference in the killing capacity between PMN from humans and chickens with our test (8, 9) but not with another test (18) .
The importance of serum factors for phagocytosis and killing. The importance of serum factors for opsonization of microorganisms, which facilitates phagocytosis, is well established (20, 21) . Interestingly, our results point to participation of complement in intracellular killing which was up to now shown only for different bacterial strains (29) . For the intracellular killing of bakers' yeast, on the other hand, complement was reported to be unimportant (20) , whereas for C. albicans the results are controversial (18, 25) . Possibly the sensitivity of our assay makes this otherwise unmeasurable effect apparent. Nevertheless, these results deserve further investigation, taking into account the antibody titer of the serum used.
PMN functions in patients. The testing of patients was done only to show the applicability of the test systems. Our results are generally in line with what was expected. It turned out that PMN devoid or deficient in myeloperoxidase had normal phagocytic capacity but reduced C. albicans-killing potencies. Similar results have been reported previously for another myeloperoxidase-deficient patient (16, 18) . Interest- 
